Aim: Hydrologic alterations are widespread in freshwater ecosystems worldwide and often detrimentally impact fish populations. Habitat suitability models are commonly used to assess these impacts, but these models frequently rely upon observed fishhabitat relationships rather than more mechanistic underpinnings. The aim of this study was to demonstrate how to incorporate swim performance into a measure of habitat connectivity at a fine scale, providing a method for assessing the availability of suitable habitat for stream fishes. 
| INTRODUCTION
Freshwater fishes are an increasingly imperilled group, with an estimated extinction rate of 0.4% per decade in North America (Ricciardi & Rasmussen, 1999) and 700 taxa listed as vulnerable, threatened or endangered (Jelks et al., 2008) . Threats to freshwater fishes include over-exploitation, water pollution, habitat degradation, invasive species and flow modification, all of which can interact with each other (Dudgeon et al., 2006) . Hydrologic alterations are widespread in rivers around the world (Dynesius & Nilsson, 1994) . With approximately 75,000 dams present in the United States alone, there are no watersheds >2,000 km 2 in the United States that are not experiencing some form of hydrologic alteration (Graf, 1999) . Dams, diversions and a changing climate all play a role in changing stream flows, impacting the amount and connectivity of suitable fish habitat and affecting some fishes ability to successfully complete all necessary life stages (Bunn & Arthington, 2002; Dudley & Platania, 2007) . Dams and other stream structures also provide a conduit for the introduction of non-native species that may have detrimental effects on native fauna (Johnson, Olden, & Vander Zanden, 2008) .
There is a growing need to accurately assess the impacts of hydrologic alteration on fish populations and communities given the imperilled status of many lotic species and increasing threats.
Quantifying the effects of hydrologic alterations on aquatic habitats relies upon understanding the relationship between a species and its physical environment. The relationships between aquatic habitat and a species' presence or abundance are often quantified using a habitat suitability index (HSI), which is used to identify habitat characteristics or features that are key to the successful persistence of a species (Barry & Elith, 2006; Guisan & Thuiller, 2005) . A HSI can be modelled in numerous ways, including linear, nonlinear, and logistic regression, principal component analysis, general linear models, general additive models and artificial neural networks (Ahmadi-
Nedushan et al., 2006).
How suitability is defined determines the validity and applicability of the HSI. Most commonly, HSIs quantify the observed association between a species and habitat characteristics (Rosenfeld, 2003) . Implicit in this method is the assumption that the habitat occupied by individuals enables them to successfully survive and reproduce. However, individuals do not always occupy habitat that best meets their needs, and there are factors that can limit fish to less than ideal habitats (Guisan & Thuiller, 2005; Rosenfeld & Boss, 2001; Van Horne, 1983) . In these instances, using a HSI based on observed habitat associations of a species may be misleading. Another way HSIs commonly define suitability is "preference" (Rosenfeld, 2003) . Preference is the selection of certain habitat characteristics over others and seeks to identify the habitat types that optimize fitness. It is assumed that individuals will weigh the costs and benefits within their environment and choose the best available habitat. Preference provides a more robust way of estimating suitability; however, measuring habitat preferences is often difficult. Isolating the relationship with each habitat parameter, or alternatively, including all habitat parameters in a multifactor model, can become complex (Ahmadi-Nedushan et al., 2006) . Controlled laboratory or field experiments can help predict the impacts of individual parameters, and there has been a widespread call for the inclusion of mechanistic-empirical data into habitat suitability assessments (Boisclair, 2001; Murchie et al., 2008; Rosenfeld, 2003) .
Determining the relationship between species and their habitat requires not only an understanding of habitat suitability, but also habitat connectivity, that is the permeability of an environment to movement by individuals (Fagan, 2002) . In terrestrial systems, movement potential of individuals is often determined at a landscape scale, where movement potential is defined using the cost of moving through a patchwork or grid of different habitats (Adriaensen et al., 2003; LaRue & Nielsen, 2008; Sawyer, Epps, & Brashares, 2011) . Movement potential of fishes in river systems is less commonly assessed (Hoffman et al., 2006; McElroy, Delonay, & Jacobson, 2012) , although in principle is similar to movement potential in terrestrial environments. To date, most assessments of river systems have defined habitat connectivity based on barriers and restrictions to movement corresponding to features such as waterfalls, dams and culverts (Perkin & Gido, 2012; Wofford, Gresswell, & Banks, 2005) . However, new habitat connectivity measures, and their application to dendritic networks, have helped move these assessments to a riverscape scale (Erős, Olden, Schick, Schmera, & Fortin, 2012; McKay, Schramski, Conyngham, & Fischenich, 2013; Peterson et al., 2013) .
Movement of lotic fish may be restricted by a number of factors, not the least of which is water velocity (Haro, Castro-Santos, Noreika, & Odeh, 2004) . The relationship between water velocity and swimming ability is commonly assessed in laboratory settings for the purposes of evaluating fish passage of potential barriers (Bestgen, Mefford, Bundy, Walford, & Compton, 2010; Tierney, Kasurak, Zielinski, & Higgs, 2011; Toepfer, Fisher, & Haubelt, 1999) and the physiological impacts of potential toxicants (Farrell, Gamperl, & Birtwell, 1998; Jain, Birtwell, & Farrell, 1998; Tierney, Casselman, Takeda, Farrell, & Kennedy, 2007; Waiwood & Beamish, 1978) . Swimming endurance typically decreases with increased water velocity which has important implications for the designs of dam and water control structures, and as a result, the swimming ability of many different species has been assessed (Hammer, 1995; Videler & Wardle, 1991) .
Incorporating swim performance into estimates of habitat connectivity would provide a mechanistic link between physical habitat
biodiversity, biogeography, conservation, freshwater fishes, habitat alteration, hydrology conditions (water velocity) and the availability of suitable habitat.
Here, we present a new method for assessing habitat connectivity using swim performance as an indicator of movement cost. We then combine habitat connectivity and habitat suitability using equivalent connected area (ECA; Saura, Estreguil, Mouton, & Rodriguez-Freire, 2011 ) to investigate the utility of this method for estimating habitat availability and the impacts of hydrologic alteration on the Western Silvery Minnow (Hybognathus argyritis), an endangered species in the Milk River, Canada.
| METHODS

| Incorporating movement cost into habitat availability
The study of connectivity and movement potential has a long history in ecology; however, terminology has not always been agreed upon (Moilanen & Hanski, 2001; Tischendorf & Fahrig, 2000 .
For the purposes of this study, we use connectivity as a general term describing the permeability of the landscape to movement by organisms. It is a characteristic of the landscape, not the organism.
We use movement potential as a general term to describe the ability of an organism to move through their landscape, a characteristic of the organism rather than the landscape. Movement potential can be thought of as a landscape-scale generalization of the probability of dispersal, referring to the probability that an organism will successfully undertake a movement from one specific location to another. Probability of dispersal is often defined as an exponential decay function of some measure of the separation between two locations (Poos & Jackson, 2012; Rodriguez, 2002) . This measure is commonly Euclidean distance, but can be a different measure of movement cost. We define movement cost as a relative value, specific to a species swimming ability and the flow at a given site, representing the cost of movement from one specific location on the landscape to another.
We incorporate a novel measure of movement cost into ECA, a habitat availability metric based on graph theory (Saura et al., 2011) .
ECA uses characteristics of habitat patches on a landscape (typically the area) and the probability of dispersal between these habitat patches to calculate the equivalent amount of fully connected habitat (Saura et al., 2011) . Habitat patches represent the nodes of a graph, while the probability of dispersal gives value to the arcs connecting the nodes. When probability of dispersal between all the patches equals one (all patches are fully connected), ECA equals the sum of the area of all the patches. When the probability of dispersal is zero between all habitat patches, ECA equals the area of the largest single patch. The units of ECA are whatever units were used to describe the habitat patches (e.g., square metres when habitat patches are characterized by area), and the ratio of ECA to the total value of the landscape provides a measure of the proportion of the landscape that is suitable.
We incorporate swimming ability into the estimated probability of dispersal between habitat patches and hence into the estimated ECA. Probability of dispersal defines how individuals move from one habitat patch to another and is often defined as a declining exponential function (Rodriguez, 2002; Equation 1 ), based on distance and an additional parameter, θ:
Using the water velocity the fish encounters between habitat patches and the swimming ability of the fish, a measure of movement cost can be calculated, and we used this instead of Euclidean distance to calculate the probability of dispersal.
Within lotic systems, water velocity is one of the driving forces that govern fish ecology (Blanchett, Loot, & Dodson, 2008; Ottaway & Forrest, 1983) , and it is reasonable to assume it influences fish dispersal between habitat patches. The ability of fish to move in flowing water is characterized by their swimming ability, and there is a large field of study dedicated to quantifying swimming ability (Hammer, 1995; Kieffer, 2000 Kieffer, , 2010 Nelson, Gotwalt, Reidy, & Webber, 2002; Videler & Wardle, 1991) .
Swimming modes are typically defined as sustained (able to sustain for >200 min), prolonged (able to sustain for between 20 s and 200 min) and burst (able to sustain <20 s) (Beamish, 1978) .
Each mode can be represented by a linear relationship between the log of time to fatigue and swim speed, though the slopes of the relationships for each mode may not be equal (Videler & Wardle, 1991) . While each of these modes could potentially be used in the following calculations, we suggest that prolonged swimming is largely responsible for movement of pelagic species between habitat patches in lotic systems, and as such, is most appropriate for calculating movement costs between patches. If a species primarily uses burst swimming to move through its environment, like some benthic species such as sculpin (Veillard et al. 2017), or habitat patches are separated by extremely long distances, then it may be appropriate to consider using burst or sustained swimming modes to calculate movement cost. Experimental data have shown that time to fatigue is typically related to swim speed by a log-linear equation (Adams, Hoover, & Killgore, 2000; He & Wardle, 1988; Peake, Beamish, McKinley, Scruton, & Katopodis, 1996) 
where a describes the intercept and b (typically negative) describes the rate of decline in the relationship. Castro-Santos (2005) found that fish ascending flumes were able to select swim speeds that maximized the ground distance covered when water velocities corresponded to prolonged swim speeds. When fish assume this optimizing behaviour, the maximum ground distance that can be tra- 4). This movement cost function is used to create
(1)
a cost surface, based on water velocity, over which the cost of travel between habitat patches is calculated.
The relative direction of movement (the absolute difference between the direction of flow and the direction of travel in degrees) is incorporated by multiplying the movement cost by a horizontal factor (HF). We adopted the minimum HF of 0.1 when direction of travel equals the direction of flow. This value was previously used for modelling movement costs for Cory's Shearwaters during transoceanic flights (Felicisimo, Munoz, & Gonzalez-Solis, 2008) . When the direction of travel is 180° relative to the flow direction, the fish experiences the full cost of movement (HF = 1), and the HF declines linearly between 180 and 0° (Equation 5).
Using least-cost path analysis, the cost surface and the HF are used to calculate the minimum cost to move from one habitat patch to another, which is then used instead of distance in the probability of dispersal calculation. In this way, the swimming ability of fish, as well as the water velocity environment that they must traverse between habitat patches, is incorporated into a measure of overall habitat availability.
| Application to hydrologic alteration and the Western Silvery Minnow
The Milk River is a medium-sized prairie river that flows through 
Study area
well as the impacts to the population posed by potential changes to ongoing hydrologic alteration (COSEWIC, 2008) . We chose this system to apply our new methodology due to the magnitude of hydrologic alteration and its possible impact on the habitat suitability and availability for Western Silvery Minnow.
We developed a HSI for Western Silvery Minnow based on water depth and velocity, which was used to identify habitat conditions that would constitute a habitat patch (Appendix S1). Using data obtained from fixed velocity fatigue tests, we estimated the endurance swimming ability of Western Silvery Minnow, and from this, the movement cost function was derived (Appendix S2). In July (augmented flow) and
October ( Water velocity was averaged through the water column for measurements taken with the ADCP, while handheld velocity measurements were taken at 40% of the depth. Flow direction was also measured using the ADCP. All three metrics (water depth, water velocity and flow direction) were interpolated across each site at a 1 m 2 resolution using an inverse-distance-weighted function. HSI scores were calculated for each 1 m 2 pixel, and areas with scores higher than the HSI threshold were considered habitat patches. Two-factor ANOVA was used to test for differences in patch size between sites and flow states.
By applying the movement cost function to the interpolated water velocity and direction data, a movement cost surface was created. Using least-cost path analysis, we calculated the minimum cost of moving between each pair of habitat patches at both study sites during augmented and natural flow rates. This movement cost was used as a measure of separation instead of Euclidean distance in determining the probability of dispersal between patches. The value of theta (θ) in the probability of dispersal equation is ideally calibrated against observed or inferred movement data; however, that data were not available for this study system. As an alternative, the probability Euclidean distance in the probability of dispersal calculation for the same values of θ.
A mixed-effects model fit by maximum likelihood was used to determine the influence of flow state, and distance measure on ECA, with theta and site included as random variables. We present the coefficient estimates and 95% confidence intervals determined through parametric bootstrapping as an indication of the influence each fixed effect has on ECA. All data analysis was performed in ArcGIS (ESRI, 2012) and R (R Core Team, 2013) with the use of packages mInpAck.
lm (Elzhov, Mullen, Spiess, & Bolker, 2013) , lAttIce (Sarkar, 2008) , rocr (Sing, Sander, Beerenwinkel, & Lengauer, 2005) , boot (Canty & Ripley, 2013) , 
| RESULTS
| Habitat suitability
The HSI identified negative coefficients for both water depth (−4.64, During augmentation, mean suitable habitat declined (as a portion of wetted area) by 81.3%, from 34.3% to 6.7% (Table 1) . On average, the number of suitable habitat patches declined during augmented flow by 55.1% with the mean patch size also declining by 21.9%. These differences were largely due to differences in water velocity between the flow states, with velocity almost doubled during augmentation (mean increase = 1.87× natural rate; Table 1 ).
The sites had similar wetted areas, even though site 2 covered nearly twice the stream length of site 1. Site 1 was generally shallower, with lower velocity water and had a higher proportion of suitable habitat.
| Movement costs and distances between habitat patches
Mean distance between habitat patches significantly increased during natural flow (two-factor ANOVA, df = 1,1, F Flow = 37.65, p Site < .0001).
This was due to an increase in dried area during low-flow events (Figures 2 and 3) . On the contrary, movement costs for Western Silvery Minnow were site dependent. The mean movement cost between habitat patches increased during natural flow at site 1 and decreased during natural flow at site 2 (Table 2 ). There was no significant difference in between patch cost at the two flow states (two-factor ANOVA, df = 1,1, F Flow = 2.909, p Site = .088).
High movement costs were typically associated with areas of high water velocity (Figure 3 ). Site 2 during augmented flow exhibited relatively large areas of high movement cost while both sites during natural flow levels had low movement costs throughout most of their area. were considered. Distances and movement costs between habitat patches were generally lower for site 1 than site 2 as a result of the longer stream length encompassed by site 2 (Figure 4 ).
| Impacts of hydrologic alteration on habitat availability
Equivalent connected area was higher during natural flows than aug- 
| DISCUSSION
Habitat suitability for stream fish is often assessed apart from connectivity, even though connectivity can play a major role in the availability of specific habitats (Isaak et al., 2007) . We have described a new method for incorporating swim performance into a measure of habitat availability using a graph-theoretic approach. Graph theory provides a flexible, easy to use framework for incorporating habitat connectivity and is increasingly being used for assessing aquatic environments (Saunders et al., 2016) . A strength of graph analysis is that it is less onerous for data requirements than some other techniques (Minor & Urban, 2007). Graphs are constructed of only two components, nodes and edges, which can both represent habitat patches and connections between those patches. This basic structure can be enhanced by adding qualities to the nodes and edges which may represent patch quality or size, or dispersal probability through a barrier. This simple yet flexible structure allows for a wide variety of applications. Dendritic networks have been analysed with edges representing stream lengths and nodes representing any breaks or potential barriers in the network (McKay et al., 2013) ; however, a more common method is to represent habitat patches as nodes and edges as the connectivity between them (Perkin et al., 2015) . There are many ways of measuring connectivity (Calabrese & Fagan, 2004) , with a common method defining probability of dispersal based on distance between patches (Schick & Lindley, 2007) . Our analysis utilized two methods for estimating the probability of dispersal and highlighted the flexibility of the method.
Careful consideration of the modelled dispersal process is necessary for this technique to produce meaningful results. Individual behaviour can vary between active "dispersers," and "stayers" that tend to have more limited dispersal (Fraser et al., 2001) . As both endurance swimming and least-cost path analysis would be most appropriate for active dispersers, this technique may not be appropriate to use for individuals that use different dispersal techniques, such as passive transport or a random walk. Similarly, the mode of movement impacts the way in which swim performance is converted to movement cost.
Benthic fish that inhabit swift flowing streams may use burst swimming to move short distances between small habitat patches (Veillard et al., 2017) . In these instances, the equation used here for translating swim performance to movement cost may not be appropriate and further work to quantify this relationship would be necessary.
Assessing habitat connectivity can aid in the conservation of species by identifying potential bottlenecks, where species are unable to disperse to different habitats and thus are more prone to stochastic events and over-harvest. In some cases, bottlenecks may be easy to identify. For example, Lake Sturgeon (Acipenser fluvescens) show highly restricted movement and habitat use during over-winter periods dispersal (Thayer et al., 2017) 
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